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Sammanfattning 

En kärnvapenexplosion ovan mark kan medföra förödande skador på upp till någon mils 
avstånd från detonationspunkten p.g.a. direkta verkansformer som stötvåg, värmestrål­
ning och initialstrålning. Men allvarliga strålskyddsproblem kan även uppträda på 
mycket stora avstånd genom att radioaktiva partiklar transporteras med vindarna och 
deponeras på avlägsna platser. Vilka områden som drabbas bestäms helt av rådande 
väderförhållandena och explosionstyp. Bra prognoser för när och var den radioaktiva 
beläggningen uppkommer är av stort värde för strålsk:yddsarbetet vid en verklig 
händelse. Sårbarhetsstudier, spel och övningar inom den civila beredskapen kräver 
också realistiska simuleringar. Transport och spridning i atmosfären över stora avstånd 
(ca 200 - 4000 km) innefattar många komplicerade processer och enda möjligheten att 
göra en realistisk beskrivning är att använda en datoriserad spridningsmodell. 

Tillgången är mycket begränsad på mätdata som kan utnyttjas för att utveckla en 
spridningsmodell för simulering av kärnvapenexplosioner. Därför har i denna studie två 
principiellt helt olika modeller utvecklats och utnyttjats, dels PELLO vid FOA, dels 
MATCH vid SMHI. Modelljämförelser har givit dels förbättrad förståelse för olika 
processers betydelse, dels minskat risken för större fel i modellerna. PELLO-modellen 
är en s.k. partikelmodell (Random Displacement Model) där ett stort antal partiklar med 
olika storlek och egenskaper emitteras och följs. MATCH-modellen är en s.k. eulersk 
modell där partikelhalt och deposition beskrivs i ett högupplöst tredimensionellt rutnät. 

En modul som beskriver utsläppsfördelning och partikelstorlekar för olika typer av 
kärnvapenexplosioner har tagits fram och utnyttjas i båda modellerna. Modellerna 
använder meteorologiska indata i form av numeriska analyser av uppmätta väderdata 
eller numeriska väderprognoser, som kan erhållas från SMHis väderprognosmodell 
HIRLAM (Hlgh Resolution Limited Area Model) eller den globala väderprognos­
modellen vid ECMWF (European Centre for Medium Weather Forecasts). 

MATCH för simulering av kärnvapenexplosioner ingår nu i SMHis dygnet runt 
beredskap, där tillgång till realtids väderinformation finns . Övningar görs av berörd 
personal. Resultat från spridningsberäkningarna kan i realtid överföras till en skyddad 
hemsida på Internet, som endast berörda svenska myndigheter har tillträde till. De två 
spridningsmodellerna utnyttjas dessutom som simuleringsverktyg på FOA och SMHI 
för att ta fram underlag till olika typer av övningar och studier. 
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Abstract 

A nuclear weapon explosion above ground can cause tremendous damage within the 
area of some tens of kilometres from the explosion point due to direct damage through 
the blast wave, thermal radiation and initial nuclear radiation. Serious radiation 
protection problems can also appear on very large distances, due to large amounts of 
radioactive particles being transported by the winds and deposited in areas far away 
from the explosion. Which areas to be affected are entirely determined by the character 
of the explosion and the present weather situation. In such situations the possibility to 
simulate and forecast in an accurate way the transport and deposition of radioactive 
substances, caused by the nuclear explosion, can be of fundamental importance in the 
radiation protection work. Studies of vulnerability and exercises within the civil 
preparedness also demand realistic simulations. Transport and dispersion in the 
atmosphere over large distances (ca 200 - 4000 km) includes many complex processes 
and the only possibility to make a realistic description is to use a computerised 
dispersion model. 

The access to measured atmospheric chemistry or radiological data, which can be 
utilised for the development of a dispersion model for nuclear weapon explosions, is 
very limited. Therefore two in principal different models have been developed and 
utilised in the present study, on one hand PELLO at FOA, on the other hand MATCH at 
SMHI. The model comparisons have given both better understanding of the importance 
of different processes and reduced the risk for severe errors in the models. The PELLO 
model is a so-called particle model (Random Displacement Model) in which a large 
amount of particles, with diff erent sizes and characteristics, are emitted and traced. The 
MATCH model is basically a so-called Eulerian model, where concentration of particles 
and deposition are described in a high-resolution three-dimensional grid. 

A module describing the emission distribution of particle sizes at different types of 
nuclear weapon explosions has been formulated and is used in both models. The 
meteorological input data to both models is numerical weather analyses and forecasts . 
This weather information can be obtained from the European scale HIRLAM (Hlgh 
Resolution Limited Area Model) weather forecast model at SMHI or from the global 
model at ECMWF (European Centre for Medium Weather Forecasts). 

The MATCH model, adjusted to simulations of explosions of nuclear weapons, is now 
included in the 24h preparedness at SMHI where real time weather data is available. 
Exercises are performed for the involved staff. Results from dispersion calculations can 
in real time be transmitted to a homepage on Internet with restricted access only for 
involved Swedish authorities. Besides, both dispersion models can be utilised as 
simulation tools at FOA and SMHI to produce the basis for different types of exercises 
and studies. 
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1 Introduction 

A nuclear weapon explosion above ground can cause tremendous damage within the 
area of some tens of kilometres from the explosion point due to direct damage through 
the blast wave, thermal radiation and initial nuclear radiation. Serious radiation 
protection problems can also appear on very large distances, due to large amounts of 
radioactive particles being transported by the winds and deposited in areas far away 
from the explosion. Which areas to be affected are entirely determined by the character 
of the explosion and the present weather situation. In such situations the possibility to 
accurately simulate and forecast the transport and deposition of radioactive substances, 
caused by the nuclear explosion, can be of fundamental importance for the radiation 
protection work. 

Studies of vulnerability and exercises within the civil preparedness also demand 
realistic simulations. Transport and dispersion in the atmosphere over large distances 
( ca 200 - 4000 km) includes many complex processes and the only possibility of 
making a realistic description is to use a computerised dispersion model. 

2 Purpose 

The purpose of the present study is to develop a model system able to simulate and 
forecast of the atmospheric transport and dispersion of radioactive substances caused by 
nuclear weapon explosions. It shall be possible to use the model system in real time for 
emergency preparedness as well as for studies of vulnerability and for exercises within 
the civil preparedness which demand realistic simulations. 

3 Meteorological data 

The access to meteorological information of high quality from Numerical Weather 
Prediction (NWP) models is of fundamental importance for the applications of real time 
atmospheric transport models. In this study the transport models have been designed to 
use analyses or forecasts from the ECMWF (European Centre for Medium Weather 
Forecasts) or the HIRLAM (High Resolution Limited Area Model) weather prediction 
models. The weather prediction model HIRLAM is developed in a joint project between 
the Nordic countries, Ireland, Netherlands and Spain. Today also the three Baltic count­
ries, Estonia, Latvia and Lithuania, are included in the HIRLAM co-operation. 

In the emergency preparedness system, described below, the necessary meteorological 
analyses and forecasts are, for the time being, obtained only from the Swedish opera­
tional applications of the numerical weather prediction model HIRLAM. There is a 
possibility, in the future, to include also ECMWF meteorological data in the real-time 
preparedness at SMHI. In certain situations this can be of great importance since the 
ECMWF data covers a larger area (the whole earth) and hasa larger extension intime 
(240 hours compared to 48 hours for a HIRLAM forecast). However, that demands an 
increase in data transfer capacity between ECMWF and SMHI compared to present 
state. 
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4 Emission scenarios for nuclear weapons 

The nuclear weapon emission scenarios given in Table 4.1 and Table 4.2 are applied for 
model calculations within the present study and as default values for the emergency 
preparedness. 

Table 4.1. Thefollowing valuesfor the initial size ofthe radioactive cloud, after plume­
rise and stabilisation, have been used. The cloud is dssumed to have the form of a cylin­
der. 

Explosive yield 
(kiloton) 
1 
10 
100 
1000 

Thickness of cloud 
(km) 
1.0 
2.5 
6.1 
10.0 

Radius of cloud 
(km) 
0.6 
1.4 
3.2 
8.5 

Table 4.2. Assumed initial activity in the cloud. 

Explosive yield 
(kiloton; kt) 
1 
10 
100 
1000 l 

Activity (Bq) 

2x 10 19 

2 X 10 20 

2 X 10 21 

1 X 10 22 

Height to centre of 
cloud (km) 
1.5 
3.5 
9.0 
15.0 

The assumed activity distribution is a function of particle radius following the AFIT 
model (Bridgeman and Bigelow, 1983) which, in spite of its relative simplicity, is able 
to reproduce the results of the much more complicated DELFIC model (Norment, 
1979). The comparison is made for low yield surface2 bursts over deserts. According to 
the AFIT model the activity distribution is the sum of two log-normalised distributions. 
One describing the distribution of activity within the particles, proportional to volume 
(vol), and another describing the activity associated with the surface (area) of the 
particles. The frequency function for the activity then yields: 

A(r) =AJ/· Fvo/ + {1.- f )FareJ 
where 

F ( ) _ l -o.s(ln(r~(~)(r3 ) J 
1 r - ~ e 

vo -v 2,r · ln(s) · r 

and 

1 The reason why activity from a 1000 kt explosion is less than 10 times activity from a 100 kt explosion 
is that the radioactive material is mainly generated by fission. For very large explosive yields, such as 
1000 kt, at least 50% of the energy come from fusion. 
2 A surface burst happens when the fireball, generated by the explosion, abuts or touches the surface of 
the earth. Material from the earth is then vaporised and later, at higher altitudes condensed into particles, 
which can carry the radioactivity. A surface burst is the type of explosion which cause the most severe 
effects when it comes to transport and deposition of radioactive particles 





-

-o.s(ln(r)-ln(r2 ) )
2 

F ( ) - 1 ln(s) 
area r - ~ e ' 

v2Jr · ln(s) • r 

At is the total activity 

and 
r2 = 7.33 µm; s=4; 

5 

f= 0.66. 

Thus, we are using two log-normalised partide distributions, as indicated above, with 
the same amount of activity in each partide, but with different values for the two 
distributions. This is a more convenient way than creating a partide distribution, which 
corresponds to the real size of the partides and having the activity of the partides 
dependent on partide size. 

The sedimentation velocity as a function of the partide radius is calculated according to 
Näslund and Thaning (1991) with the assumption that the partide density is 2880 
kg/m3• 

5 Atmospheric transport modets 

Transport and dispersion in the atmosphere over large distances (ca 200 - 4000 km) 
indudes many complex processes, such as emission, transport, diffusion and sink 
processes, and the only possibility to make a realistic description is to use a 
computerised dispersion model. The specific problem of describing the atmospheric 
transport and deposition of radioactive substances created in a nudear weapon 
explosion involves the description of processes in a very deep layer of the atmosphere 
(troposphere and stratosphere up to about 25 km). In most national and intemational 
atmospheric transport model studies made so far, mainly focused on traffic and 
industri.al air pollutants, only the lower layers of the troposphere, and especially the 
planetary boundary layer of approx. 1-2 km depth, are described. Some model studies 
for the whole of the troposphere (up to about 10 km), often using 222Rn as a tracer, have 
also been presented, e.g. Robertson et. al. (1999). However, in literature only limited 
information concerning transport modelling in such deep layers as studied here is 
present. Either global fallout and deposition on a very long time scale (many years) 
using simple box models for the atmosphere ( e.g. Peterson, 1970) or the effects of early 
fallout (time scale 3-12 hours) based on idealised fallout pattems and simplified 
meteorological input (e.g. Arkin et al, 1982), are studied. Moreover, measured data 
useful for design and calibration of transport models describing the radioactive 
contamination caused by nudear weapon explosions are very sparse. Therefore, this 
project has been designed to indude the development and application of two, in 
principle quite different atmospheric transport models, the PELLO model at FOA (a 
partide model) and the MATCH model (basically an Eulerian model) at SMHI. These 
two models have then been compared intemally regarding descriptions of processes, 
different explosion scenarios and different weather situations, in order to understand the 
atmospheric transport problem of nudear weapon radioactive contamination and insure 
that no serious mistakes are present in the model formulations. 
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5.1 The PELLO model - FOA 

PELLO is an acronym for farticle model in an ,Eta, Latitude, Longitude co-ordinate 
system The main part of the development was carried out in a Degree project for the 
Master of Science in engineering Physics, at the University of Umeå, Sweden 
(Lindqvist, 1999, in Swedish). 

5.1.1 Purpose 
The model was designed to meet two requirements: 
1. It should describe transport, dispersion and deposition on the regional scale, using 

real weather data, forecasted or analysed, from ECMWF or SMHI (HIRLAM data) . 
2. It should use the weather data in a way as direct and efficient as possible. A main 

point here was to develop a model that used the same system of vertical co-ordinates 
as was used at ECMWF and SMHI. 

5.1.2 System of co-ordinates 
In the horizontal the model use, latitude and longitude on an ellipsoid with major axis = 
6377397.154 m and eccentricity = 0.00667437252, as co-ordinates. In the vertical an 
11-system, i.e. a reduced pressure system (cr-system) close to ground, a pressure system 
(p-system) at the top and a linear combination of the two in-between (details of the 
11-system can be found e.g. in Louis, 1986), see also Figure 5.2. 

5.1.3 Modul formulation 
The model is a Random Displacement Model (RDM) which is the Lagrangian analogue 
to the Eulerian K-model. 

In the vertical the Kz -values are based on Lange (1989) where Kz is a weighted sum of 

a boundary layer value ( K~1) and free atmosphere value ( K~opo) according to: 

Kz = H(z)K;1 (z) + [l-H(z)}K;0P0 

where Kbl (z) = ku.z e-cz/zpsL 

z r/Jz 

{
-15, 1/L<0 

q), = [I+ a ~ r a = 0 , 1/L = 0 ; 
4,5 , 1/L> 0 

b = {- 0.25 , 1/L < 0 . c=4 
1 , 1/L;?: 0 ' 

and H(z) = e-(zl c2zpbil, C2 = 1.5, K~opo = 1 m2/s; Lis the Obukhov length and ½bl is 

the boundary layer height. 

The horizontal value of the eddy viscosity follows the ideas of Draxler (1976) and 
Nasstrom (1995), yielding: 
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where d = 0.36, 'ttt = 160 s, av = 2.5 · u.e-z I zPBL and t is the age of the particle. 

This gives a reasonable increase in time for Ktt within the boundary layer and in the 
lower part of the troposphere. However, at high altitudes the values of Ktt become 
negligible and the horizontal diffusion is only due to the variation in space and time of 
the mean wind field. For a release at very high altitudes this feature may underestimate 
the horizontal diffusion, at least in the beginning when the cloud is on the sub-grid 
scale. However, some numerical tests with rather large values of Ktt indicate that the 
eff ect is very small. 

5.1.4 Determination of the friction velocity and the boundary layer height 

The Obukhov length (L) and the friction velocity u* are determined by finding values 
matching the Monin-Obukhov similarity theory with the wind speed at 10 m height 
(U10), the roughness length (zo) and the sensible heat flux at the ground (Ho) as input. 
The method is not without problems e.g. in the stable case there are generally two 
solutions of which the one with the largest u* (also largest L) is chosen. In some 
situations with low wind speed, there is no solution - in those cases the absolute value 
Ho is decreased until a solution appears. 

In stable and neutral situations boundary layer height (ZpbI) is determined according to 
Zilitinkevich (1996): 

fzPsL + Zpsi + NzPBL + Zpsi f + zPBL Nf + zPBL =l+C wh ( )

2 I 
1
1,2 I 

1
1, 2 

Cnu* CskL C;u* Csr (u*kL) 112 Ciru* ha e u* 

where wh is the vertical velocity (m/s) at z = ZPBL; fis the Coriolis parameter; 
kis von Karman's constant; N is the Brunt Väisälä- frequency 
and C0=0.5; Cs=lO; Ci=20; Csr=l.0; Cu=l.7; Ce=0.3 and ha= 15 km 

The corresponding value in unstable situations is based on the same ideas as used in the 
SMHI model MATCH (Robertsson et al, 1996) and defined as the altitude where the 
Richardson value (RD has grown to 0.25. Ris defined according to: 

Ri = ~ ez-0s 

lvHl2 01 

gHo 
wm = (u; +0.6w;)113 ; w* =--zPBL and 01is the 

pCPT 

potential temperature at the lowest model level. 





5.1.5 Deposition 

Dry deposition 
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The settling velocity ( v s) is determined with the assumption of spherical particles and 
follows Näslund and Thaning (1991). 

The probability for deposition of a particle (P dep), which in a time step ends up beneath 
the ground, is calculated according to Näslund and Karlsson (1995): 

Where vd, the deposition velocity, is the sum of two parts: the settling velocity (vs) and 

a part describing the surf ace processes of dry deposition. 

A particle, which in a time step is moved to beneath the ground hut should not be 
deposited is instead reflected. 

Wet deposition 

The wet deposition in the model is also based on the idea that a particle that finds itself 
in an environment with precipitation should be exposed for certain probability ( P wdep ) 

to deposit. This probability is calculated according to: 

P wdep = (1- e -A-~t), where the washout coefficient A is a function of the particle 

radius and the precipitation intensity: 

r< 1.4 µm: 

1.4 µm :'.5: r < 10 µm: A =(bo+ b1 r + b2 r2+ b3 r3)·f(q) 

r~ 10 µm: 

where 

A = f(q) 

f(q) = a1 q + a2 q and q is the precipitation rate (mm/h) 
ao = 8.4· 10-5; a1 = 2.7· 104 ; a2 = -3.618· 10-6, 
ho= -0.1483; b1 = 3.220133· 105; b2 = -3.00626· 1010; b3 = 9.34458· 1014• 

The precipitation rate is calculated from the input weather data. The calculation is based 
on the idea that when saturated air is transported upwards condensation will take place 
due to the adiabatic cooling. If it is assumed that all condensed water will fall out as 
precipitation the intensity can be written: 
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N i ( z) = ] ,J dq s ) pdz 
z "l dz 1 

where Ni(z) is the intensity of the precipitation (kg/m2/s = mm/s) at level z; 
w is the vertical velocity (> O); qs is the saturation value of the specific humidity; 
p is the density of the air and f denotes moist-adiabatic conditions. 

The method is rather crude and can only be expected to catch large scale precipitation 
pattems. In order to get realistic precipitation rates, the air is assumed to be saturated at 
80% relative humidity. 

5.1.6 Time step 
The time step is chosen in such a way that the maximum displacement allowed for any 
partide is half of the grid length. The test is perf ormed in all three dimensions. 

5.2 The MATCH model - SMHI 

MATCH is an acronym for Multi-scale Atmospheric Iransport and Chemistry model 
which has been developed over several years at SMHI initially for acidifying air 
pollution studies (Persson et.al.,1994) and further developed and extended to the whole 
troposphere (Robertson et.al., 1999). MATCH is essentially an Eulerian model but has a 
hybrid Lagrangian partide sub-module for the initial phase of a point source release. 
Modules for handling nudear weapon explosion scenarios are the most recent 
extensions of MATCH. 

5.2.1 Purpose 
The general MATCH model system, induding several diff erent model options, is 
designed to be an all purpose model system to meet the following requirements: 

1. It should describe transport, dispersion and deposition on various scales using real­
time weather data, forecasted or analysed, from HIRLAM or ECMWF, with options 
to be combined with meso-scale detailed analyses of specific boundary layer 
parameters. 

2. It should indude modules for sedimentation of partides of different sizes, simplified 
sulphur and nitrogen chemistry as well as more complex chemistry schemes. 

3. The model should be possible to initialise with a Lagrangian partide model. 

5.2.2 System of co-ordinates 
The MATCH model is designed to adapt to the grid projection and resolution that the 
input meteorological data are defined upon. So far the following projections can be 
handled: polar-stereographic projection, UTM and RAK co-ordinates, and spherical co­
ordinates (ordinary latitude-longitude grid or rotated spherical co-ordinates). The 
vertical resolution is identical to the T1-co-ordinates used by HIRLAM and ECMWF. 
Figures 5.1 and 5.2 show the model area used for emergency response and the vertical 
resolution, respectively. 
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Figur 5.1. Model area used. The right panel isa close up to illustrate the resolution. 
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Figur 5.2. Vertical separation oj layers in a so called 7J co-ordinate system. 
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Figur 5.3. Example oj calculated sensible heat flux ( a) and boundary layer height (b ). 

5.2.3 Model formulation 
The MATCH model is a hybrid Lagrangian-Eulerian model. A Lagrangian particle 
model is used to initialise the Eulerian grid model during the first phase of the release. 
The particle model is a far simpler one than implemented in the PELLO model. In 
general the equation of mass-balance is solved; 

apc a a 
-=-VVpc+-pKz-c+Q+S+C(c,s) at az az 

p is the air density, c is the mixing ratio of the constituent, V the 3D wind vector, Kz the 
vertical turbulent exchange coefficient, Q the source term, S any sinks like dry and wet 
deposition, and C ·chemical transformation (may act as source or sink). Particle 
dynamics such as transformation between diff erent particle sizes is not yet 
implemented. The above equation is solved in a discretesised form on the grid shown in 
Figure 5.1 (see Robertson et al., 1999, for details). The Lagrangian particle model is 
based on a similar mass-balance equation, 

de a a 
p-=-pK -c+Q+S 

dt az z az 

where the left hand side is described by Lagrangian particle transport including random 
displacement in the horizontal, while the right hand side is solved within an Eulerian 
framework. There is hence a transform involved, which converts particles to concentra­
tions and vice versa. The Lagrangian particle model may therefor be regarded as a 
hybrid Lagrangian-Eulerian model itself. Chemical transformation is not included in the 
particle model. 

Special attention has been paid to gravitational settling that is an important transport 
process for at least the largest particle fractions from a nuclear explosion. In the Lagran­
gian particle model this is treated explicitly. This is, however, more tricky to handle 
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wi thin an Eulerian framework where the particles could, over one time-step, fall through 
number of vertical layers and then violate the so called CFL-criteria for numerical 
ble solutions. One remedy to this is to use very short time-steps. We have though 

troduced a kind of slab-model, where a vertical column is assumed to "fall" with the 
eed of the fälling particles. 

a 
sta 
in 
sp 

In 
sp 

contrast to particle models like PELLO an Eulerian model can not handle a large 
ectrum of particle sizes. The particle cloud has to. be subdivided into aset of particle 
ction classes. Ten different fractions have been selected according to Table 5.1. fra 

Ta ble 5.1. Assumed particle size classes used in the MATCH mode/. 

Pa rticle size 
terval 
adius ( m) 

in 
R 
0 -3 
3 - 6.5 
6. 5 - 11.5 
11 .5 - 18.5 
18 .5 - 29 
29 -45 
45 -71 
71 - 120 
12 0 - 250 
~ 250 

Activity share Sedimentation 
(%) velocity (cm/s) 

10 0.2 
10 0.7 
10 2.5 
10 6.9 
10 15.9 
10 35.6 
10 71.2 
10 137.0 
10 277.3 
10 direct deposition 

Radius (µm) used 
for estimate of sink 
processes 
2.2 
4.4 
8.6 
14.6 
22.8 
36.1 
56.5 
92.3 
173.2 

As indicated in Table 5.1, a nuclear weapon explosion gives rise toa wide particle size 
r 
ve 
ange. Particles larger than a few µm has a gravitational settling, a sedimentation 

locity (vs), which is increasing substantially for larger particles hut rather constant 
th height in the atmosphere, see Table 5 .1. The particle size distribution determines to 
arge extent the residence time in the atmosphere. 

wi 
al 

5. 2.4 Determination of the friction velocity and boundary layer height 

T he formulation for friction velocity and boundary layer height is almost identical in 
ELLO and MATCH, as described in section 5.1.4 with the exception that in MATCH 
e friction velocity is set to its neutral value (see Robertson et al, 1999). Figure 5.3 
ows an example of sensible heat flux and boundary layer height derived from the 
ATCHmodel. 

p 
th 
sh 
M 

5. 2.5 Deposition 
D ry deposition 
In 
fr 
d 
Vs, 
su 

describing the total dry deposition for particles, we have separated sedimentation 
om turbulent transfer and surf ace processes of the dry deposition. W e denote the total 
ry deposition velocity, vd, and the sedimentation velocity due to gravitational settling, 

both positive downwards. The 'excess deposition velocity', (vd-Vs), caused by the 
rface processes of dry deposition, is for these types of particles dominated by 
paction to vegetation, ground and sea surfaces. Within and Eulerian framework the 

dry deposition is the lower boundary condition of vertical diffusion (Robertson et. al., 
im 

19 99), which in principle is determined by 
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We utilise prescribed reference values of the 'excess deposition velocity', (vd-vs), which 
only has been estimated in a crude way since the total dry deposition is totally 
dominated by the sedimentation. We assume, for the time being, the following reference 
values, (vd-vs)REF, at 1 m height above surface: forest 4, rural and urban 2 and sea 0 
c-rn/s. In the MATCH model a correction for atmospheric stability in the lowest part of 
the atmosphere is included 

where Kz is the turbulent exchange coefficient for a ~50m layer close to the ground. 
This has however little influence on the results in this case, since the sedimentation 
dominates. 

W et Deposition 

The wet deposition scheme is similar to particle size related scheme used in PELLO. 
The MATCH model utilises forecast precipitation amounts directly from the HIRLAM 
or ECMWF model. The following equations describes wet scavenging in MATCH, 

dpc 
-=-Apc 
dt 

where A is the washout coefficient given by, 

A = Å{b0 + b1r + b2 r 2 + b3 r 3 )q for r :s; 10 µm 

A = Åq for r > 10 µm 

where q is the precipitation intensity (mm/h), 

A = 2.78-10-4, 
bo= -0.1483, b1 = 3.220133-105 , b2 = -3.00626-10-4, and b3 = 9.34458-10-4. 

5.2.6 Time-step 
The time-step is set to a fixed value of 6 minutes in the MATCH model, however, 
weather data given at every 3rd hour from the HIRLAM model are interpolated into one 
hour resolution. 

5.3 Model comparisons with Chernobyl and ETEX-data 

Both models have been applied to air pollution studies for compounds being transported 
only in the lower part of the troposphere. Data for those types of situations are more 
easily available and can be used for model verifications. That gives a possibility to 
investigate some basic formulations of the models, although no specific problems 
associated with the upper part of the troposphere and the stratosphere can be studied. 
Data from the Chernobyl accident and ETEX (European Tracer EXperiment) are 
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regarded as the most valuable data sets available for Europe. The comparisons of the 
models to the measured data sets are briefly described below. 

5.3.1 PELLO model 
Wet deposition calculated for the Chernobyl release shows a reasonably good 
agreement with measured values over Sweden. In Figure 5.4 the calculated wet 
deposition of Csl37 at 860501 06 UTC and the accumulated precipitation between 
860428 06 and 860430 06 UTC, are shown. The precipitation rate, calculated as 
described above, is multiplied with a factor 2 in the calculations shown and the 
minimum precipitation rate allowed is 0.1 mm/h. These adjustments of model 
precipitation were done in order to obtain more realistic depositions fields . This need of 
tuning is mainly because of the crude precipitation calculations and point at the weak:est 
part in the model. In the future precipitation rates from weather prediction models will 
be used, as soon as that kind of data becomes available. Comparisons can be made with 
observed precipitation and deposition of Cs137, as given in Figures 5.7. 

Accumulated preciptation 
860428 06 - 860430 06 UTC eooo - -, ~-,- .---- ,--~~-,-,- ,-- ,-, -

7500 

7000 

_ ) 
, //.: - ' I -:., ,. I ( ' 1 

1500 2000 2500 

Figure 5.4 Results from the PELLO mode!: a) calculated wet deposition oj Cs137 at 
860501 06 UTC and b) calculated precipitation multiplied with afactor 2. 

Figure 5.5. Estimation oj the cloud position at 12, 24, 36, 48, 60 and 72 ho urs after the 
start oj the release oj the ETEX-experiment. The concentration levels (0.01 ; 0.1 ; 0.5 
nglm3) are based on measured values. After Mosca et. al. ( 1997). 
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Cornparisons with ETEX-data show good agreement, cf. Figures 5.5-5.6, which show 
rneasured and calculated concentrations respectively. 
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Figure 5.6. Cloud positions for the ETEX-release calculated with Pello. Concentration levels 
are 0.01; 0.1 and 0.5 ng/m3• 
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5.3.2 MATCH modet 
Validation of the operational emergency response model, MATCH, at SMHI using data 
from the Chemobyl accident and ETEX have been presented by Langner et. al. (1998). 
In those validations the version of MATCH was designed for near surface releases, see 
Langner et.al. (1997). 

Figure 5.7 shows the measured and simulated deposition of Cs-137 over Sweden 
associated with the Chemobyl accident. The general picture of the deposition is 
simulated very well, hearing in mind the rather coarse resolution of 50x50 km2 grid 
cells. Comparing model results, total observed Cs-137 deposition and the accumulated 
precipitation <luring the four last days of April 1986, it becomes clear that wet 
scavenging was the dominating process for deposition over Sweden <luring the 
Chemobyl accident. It should be noted that observed precipitation fields were used as 
model input in this comparison. Using forecast precipitation does not give the same 
good agreement with observations of Cs-137 deposition (see Langner et al, 1998, for 
details). 

Simulation of the ETEX experiment is shown in Figure 5.8 for four different times of 
the experiment. Measurements are marked with circles and coloured in the same way as 
the simulated cloud. MATCH obtained a high ranking in the ETEX comparisons with 
all available intemational models, Mosca et.al. (1998). 

• 100. 
50. 

Figure 5.7. Lejt) MATCH simulated wet deposition oj Cs-137 from the Chernobyl 
accident (kBqlm2, April 26 06 UTC - May OJ 06 UTC, 1986), middle) measured 
deposition oj Cs-137 (kBqlm2, May 1986) and right) measured accumulated 
precipitation (mm, April 28 UTC-May 01 06 UTC, 1986). 
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Valid lime (UTC): TUE 25 OCT 94 IOZ Valid Tillle (UTC): TUE 25 OCT 9412Z 

OJI 

Figure 5.8. Simulation and measurements from the ETEX experiment at Jour different 
times of the experiment (corresponding to 8h, 20h, 32h and 44h after first release). 
Measurements are marked with circles and coloured with the same legend as the 
simulated cloud. Empty circles denote zero-measurements. 

6 Results for nuclear weapon simulations 

Results for model applications conceming the transport and deposition of radioactive 
contaminants from nuclear weapon explosions are presented partly as a comparison 
between the PELLO and MATCH models, partly as an illustration of how the two 
models were used in the national exercise Lotta. 

6.1 Weather situation 

The calculations for the model comparison as well as the Lotta exercise were based on 
weather data for the period May 13th - 15th1997. In Figure 6.1 some surface weather 
maps are shown. The situation was characterised by a low-pressure region over the 
Norwegian Sea and a weak high-pressure region over the Baltic Sea resulting in 
southerly or southwesterly winds over Scandinavia. From the weather maps it is also 
obvious that the precipitation over Sweden was quite small and consequently the wet 
deposition should not be expected to dominate the deposition pattem. 
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SMHI TUE 13 lll<v 07 C•C•2 +024 
VT: WED 14 IJl<V 07 OOZ 

SMHITUE 131/l<V07 ~~2 +O.U 
VT: THU IS II l<V 07 002 

Figure 6.1 Weather maps for the studied period. HIRIAM forecasts ( +3h, +24h and 
+48h) valid at May 1J1h 1997 03 UTC, May 14th 1997 00 UTC and May 15th 1997 00 
UTC. The explosion point is marked with X on the map for May 13th 1997 03 UTC. 

6.2 Comparison between the PELLO and MATCH models 

The main difference between the SMHI model (MATCH) and the FOA model (PELLO) 
is that the former is based on an Eulerian formulation while the latter is based on a 
Lagrangian. In short this means that in the MATCH model, for each time-step, the 
concentration is calculated in grid boxes as a result from the net-transport due to 3-
dimensional advection, sedimentation, dispersion and sink processes for each box. In 
the PELLO model the release is represented with a number of model particles which are 
given the speed of the mean wind plus a stochastic turbulent one. The number of model 
particles are then, at certain chosen times, counted in arbitrarily large grid boxes in 
order determine the concentration field. One advantage with Eulerian models is that 
they are normally less computer demanding and less time consuming than the 
Lagrangian ones, especially if a very large amount of particles are needed to describe 
the studied case and when atmospheric chemistry processes are included. In this case, 
the Eulerian MATCH model also has the advantage of already being in operational use 
at SMHI for the national emergency preparedness for nuclear reactor accidents. An 
important advantage with Lagrangian models is that it is possible to assign certain 
features to each model partide besides the amount of activity it carries, e.g. a radius and 
a settling velocity. In this way it is quite straightforward to describe a release with a size 
distribution. 

In order to make a fare comparison both models have been run with the same weather 
data (HIRLAM forecast data) and for the same release scenarios (100 kt and 1 Mt). 
Location and explosion time for both cases were assumed to be 60°361 N, 11 °01 E at 
May 13th 1997 at 00 UTC. 

6.2.1 100 kt sceanrio 

In Figure 6.2-6.6 the geographical distribution of the radioactive cloud in the near 
ground air and of the ground contamination are depicted. Results for the PELLO and the 
MATCH models are compared. 

The contours for concentration in near ground air in Figures 6.2-6.6, right column, are 
given in kBq/m3 at H+ 1, i.e. the non-decayed activity valid one hour after the 
detonation. This is the common way for radiologists to present activity originating from 

2, .. 
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nuclear weapons. The expected activity at a certain time after H+ 1 is often assumed to 
decay according to A(t) = A(l)-r1.2 , where A is the activity and t is the time in hours, 
after the explosion. The concentrations in the MATCH results refer to the lowest 60 m 
and in the PELLO for the lowest 500 m. 

The ground contamination contours in Figures 6.2-6.7, left column, depict the dose rate 
at H+ 1 in mGy/h, i.e. the gamma radiation absorbed by an unsheltered person standing 
for one hour on the contaminated ground. Also here non-decayed values are commonly 
used. 
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Figure 6.2 Explosive yield = 100 kt. The geographical distribution oj the ground 
contamination (to the lejt, given in dose rate H+ 1, mGylh) anfl the near ground 
air concentration cloud (to the right, given in H+l, kBqlm3) 6 hours after 
explosion. MATCH (SMHI) results on top and PELLO (FOA) results at the 
bottom. Note that the colours in the MATCH and PELLO results only agree 
approximately. For details about the H+ 1 notation and the contours, see text. 

After 6 hours no obvious differences between the models have shown up. 
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Figure 6.3. Same as Figure 6.2, hut 12 hours after explosion. 

After 12 hours the concentration in the near ground air cloud is less dispersed in the 
PELLO model and consequently higher concentrations are shown. lt's notable that only 
the lateral dispersion diff ers. The predictions of the centre of the cloud agree very well 
for the two models. The ground contamination has the same magnitude although the 
MATCH prediction, in consequence with the larger lateral spread, is somewhat broader. 
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Figure 6.4. Same as Figure 6.2, hut 18 hours after explosion. 

After 18 hours the deviations between the models, which were seen after 12 hours, are 
even more accentuated. The MATCH near ground cloud and ground contamination do 
show a considerably larger lateral extension. 
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Figure 6.5. Same as Figure 6.2, hut 24 hours after explosion. 

3500 

After 24 hours the differences observed earlier have grown further. Areas of northem 
Finland and parts of the Kola Peninsula are reached in the MATCH predictions. 
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Figure 6.6. Same as Figure 6.2, hut 36 hours after explosion. 

After 36 hours the pattem from earlier still remains. The positions of the centre of the 
cloud do coincide reasonably well, but the lateral spread is much more pronounced in 
the MATCH prediction. Note that the more northerly extension of the cloud and the 
ground contamination produced with the MATCH model still can bee explained by a 
larger lateral spread, since the transport direction of the cloud gradually has become 
more easterly. 

The more narrow distribution of the ground contamination in the PELLO results causes 
somewhat higher concentrations at ground level compared to MATCH. 
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Figure 6.7. Same as Figure 6.2, but 48 hours after explosion. 

After 48 hours a more widespread dose rate pattem, far from the source, is shown also 
for the PELLO model. 
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Figure 6.8. Explosive yield = 100 kt. Maps showing a) first deposition time, b) last 
deposition time and c) time for maximum dose rate from the ground. MATCH (SMHI) 
predictions at the top and PELLO (FOA) results at the bottom. Note that in the MATCH 
figures date and time is used for the marking, while in the PELLO picture hours after 
the detonation is used. Note also that the colours don 't coincide completely. 

The development intime for the ground contamination is depicted in Figure 6.8. The 
times for the first deposition, predicted with the two models are remarkably similar. 
Note that the "islands" on and beyond the Kola Peninsula in the PELLO picture 
indicating very early starting times are areas where the deposition never reached, cf. 
Figure 6.7. The misleading colours in these points are just consequences of problems 
with the software used when making contours. Also the pictures showing the time for 
maximum dose rate only show minor discrepancies between the models. The largest 
differences are found in the last deposition times where the PELLO results show 
considerably shorter deposition time. This feature can probably be explained by the 
smaller and more concentrated cloud (demonstrated in Figures 6.2-6.7) in the PELLO 
predictions. 
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6.2.2 1 Mt sceanrio 

In Figures 6.9-6.13 the geographical distributions of the ground contamination and the 
radioactive clouds in the near ground air are depicted. 
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Figure 6.9. Explosive yield = 1 Mt. The geographical distribution oj the ground 
contamination (to the lejt, given in dose rate H+ 1, mGy/h) and the near ground air 
concentration cloud (ta the right, given in H+ 1, kBq/m3) 6 hours after explosion. MATCH 
(SMHI) results on top and PELLO (FOA) results at the bottom. Note that the colours in the 
MATCH and PELLO results only agree approximately. For details about the H+ 1 notation 
and the contours, see text. 

After 6 hours no significant diff erences between the model results can be seen. 
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Figure 6.10. Same as Figure 6.9, but 12 hours after explosion. 

After 12 hours the MATCH model predicts a broader and also somewhat more 
elongated ground contamination than does the PELLO model. However, the levels 
coincide rather well. The centres of the clouds are also quite close, although the 
"PELLO-cloud" has a higher concentration. 
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Figure 6.11. Same as Figure 6.9, but 18 hours after explosion. 

Same tendencies as after 18 hours but the size of the "MATCH cloud" indicates a larger 
lateral spread as in the 100 kt case. 
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Figure 6.12 Same as Figure 6.9, hut 24 hours after explosion. 

Similar differences as after 18 hours. 
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Figure 6.13. Same as Figure 6.9, but after 36 hours 

It' s interesting to note from the MATCH (SMHI) run how radioactive particles 
suddenly appear far to the west of the earlier position of the cloud, and also much closer 
to the point of explosion. What is happening is that particles which have spent most of 
the time in the stratosphere, where the wind field might differ completely from that in at 
lower altitudes (troposphere), due to their settling velocity now reach altitudes close to 
ground. In the FOA run this phenomena has not yet shown up. 
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Figure 6.14. Same as Figure 6.9, but 48 hours after explosion. 

After 48 hours also the PELLO (FOA) model produce the westward-situated branch of 
the cloud and of the ground contarnination. Although the extensions are smaller than for 
the MATCH (SMHI) case the location and main features are very much the same. The 
maximum values both for the concentration and for the ground contamination at long 
distances, however, become higher in the PELLO results. 
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Figure 6.15. Explosive yield = 1 Mt. Maps showing a) first deposition time, b) last 
deposition time and c) time for maximum dose rate from the ground. MATCH (SMH/) 
predictions at the top and PELLO (FOA) results at the bottom. Note that in the MATCH 
figures date and time is used for the marking, while in the PELLO picture hours after 
the detonation is used. Note also that the colours do not coincide completely. 

In Figure 6.15 basically the same features as in the 100 kt case (Fig. 6.8) appear. The 
first deposition times and times for maximum dose rate coincide rather well for the two 
models, while larger differences are found in the last deposition times where again the 
PELLO model brings the deposition toan end somewhat earlier. 
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6.2.3 Summary of comparisons 

On the whole the MATCH model and the PELLO model produce very similar results in 
this comparison. The only obvious difference is the larger lateral dispersion in the 
MATCH model. The reason for this is not yet known, but requires a thorough invest­
igation. 

The good agreement between the two fundamentally different models, suggests that 
they are free from major errors. However, since the basic descriptions of emission 
processes and sink parameters are the same in both models, those parts have not been 
evaluated in this comparison. 

7 Emergency preparedness system at SMID 

SMHI has for several years had an emergency response system (BAPS) for forecasts of 
atmospheric transport and deposition of radioactive substances in connection to nuclear 
reactor accidents. The purpose of the present project was to include a nuclear weapon 
module in the old BAPS-system. However, for technical reasons, it tumed out that the 
old BAPS-system could not be used. A new system (JBAPS) has been developed, using 
a Java-based graphical user interface (GUi) and where the MATCH model is run on an 
Alpha server. The JBAPS system is described in the Appendix. The main part of the 
development of JBAPS has been financed outside this project. 
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Appendix 

EMERGENCY PREPAREDNESS SYSTEM AT SMID 

Lennart Robertson, SMHI and Anders Rodrick, Mandator 

An emergency response system for forecasts of atmospheric transport and deposition of 
radioactive substances has been developed and is now kept in 24h per day preparedness 
at SMHI. This system (JBaps), which is installed on an Digital Alpha workstation, is 
based on the atmospheric transport model MATCH and a graphical user interf ace. Three 
versions of the MATCH model are applied within the system; for emissions from 
nuclear reactors, for trajectory calculations and for emissions associated with nuclear 
weapons (see model presentation above). Duty forecasters in operational work are 
responsible for the 24h preparedness, while model experts can assist with some delay. 

The graphical user interface is based on Java technology with a client/server approach 
that enables access by a web browser, which facilitates platform independent user 
access. So far access is only prepared for the intemal Intranet at SMHl, but there is a 
potential for extemal Internet use in the future. The system design is schematically 
shown in Figure A.1 . The client communicate with the server in two ways, via http 
protocol for visualisation of results and RMI (Java Remote Method Invocation) protocol 
for instructions from the client to the server to start model runs, invoke visualisation of 
results etc. 

I_L 
~~~~~~~ 

,,,- 0000000 '-, 

baps.smhi.se 

Programvara krav: 
DigitalUnix 4.0d > 

JDK1 .1.7 > 
Webserver 

Processer: 
rmiregistry(Default Port) 

Baps.FileServer 
Baps.ModelServer 

Baps.BapsProxylmpl 
Baps.SsiServer 

Baps. DateServer 
Webserver(httpd) 

I 
1)http 
3)http 

l'------,-------0 
-2) rmi/rpc JBaps-klient 

mot 
BapsProxylmpl 

Figure A.1. Client/server design oj JBaps. The client may be any platform like PC, 
Mac, Unix workstation etc., while the core system runs on a dedicated Digital Alpha 
workstation. The client communicate with the server over two paths, http protocol and 
Java RMI protocol. 
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The JBaps system is also supervised continuously at the computer control centre at 
SMHI where any disturbances in the system are notified and corrected. Figure A.2 
shows the control panel for the JBaps system. Besides the Java based interactive access 
to JBaps, a number of operational model runs are performed. Those are mainly focused 
on accidental releases from nuclear power stations. All the Swedish reactors and most of 
the reactors around Sweden are covered by these runs. The objective is to have standard 
type of simulations already produced in case of any accidental release. The model 
simulations cover 48 ho urs ahead and are updated 4 times daily. 

• JBAPS • Beredskapsarbetsplats lll!llil Ei 

- Pof - JBAPS pi VIKING 

NODER 
Ordinarie server : 

PROCESSER 

jbaps -

Webserver: jbaps.smhi.se -

FILER ffl 
HIRLAM gif-bilder mm! 
FILER 

HIRLAM GRIB-filer 

MATCH-filer 

Reserv server : 

Termin 
FC22 • . • H2236h 

FC44 .•• H4448h 

H2236h 
Routine 

H4448h 

Trajedory H44 72h 

Drifthandledning I 
harry -

Figure A.2. Control panel for supervision oj the JBaps system at the computer control 
centre at SMHI ( in Swedish). The figure shows a number alarm positions that could be 
activated, such as missing contact with computers, vital demon processes not running 
and result file production control. 

Access to JBaps for interactive use is made by a web-browser. Figure A.3 shows the 
first entry points the user will meet, a welcome page, a start button, and a start panel for 
model selection. From the welcome page (upper left panel in Figure A.4) it is possible 
to log on as forecast meteorologist ( called JBaps PM) or as expert ( called JBaps 
Expert) . The JBaps PM interface is designed for as easy use as possible with just a few 
selections possible. The JBaps Expert interface is more elaborate aimed for a trained 
user, It is olny the Export user that could initiate sinulations for nuclear weapon events. 
The model selection panel (lower panel in Figure A.4) enables the Expert user to select 
between MATCH simulation for reactor events, trajectory calculations in order to trace 
contaminated air backwards/forwards or MATCH simulation for nuclear weapon events 
(the "Bomb" button in Figure A.4). 

Figures A.4 to A. l O show the specific options for atmospheric dispersion simulations of 
nuclear weapon explosions. 
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JB,,p 

~RMI-JBaps l(llll~E) 

Ele _!ielP - --·--· - - - -------~-- -­
Produi:ts---------- - ---

Make-----------

Vlew Generaled Graphlcal Products.. 

Exil 

Figure A.3. The first entry points for interactive access to JBaps by using a web­
browser, the welcome page (upper lejt), start button (upper right), and the entry panel 
for model selection (lower panel). The upper right panel also shows the Java consolfor 
messages about the appearance oj the Java application. 

Figure A.4 shows the main panel for setting up MATCH for an nuclear weapon event. 
The user is requested to select model area, weather data, source point location, 
explosion yield, and start date of release. It is possible to list the available weather data, 
by the "List" option in the upper left comer of Figure A.4. A result of such a listing is 
shown if Figure A.5. The source location may be selected among predefined entries or 
by a "User Defined" option (Figure A.5). The location is determined by the longitude 
and latitude of the explosion while the vertical positions is predefined for each 
explosion yield. 

When all is selected in the menu the model is started with pressing 'Go' button. A 
progress bar will then show up telling about the estimated time left for the simulation 
run, see Figure A.6, and a feedback panel giving product generation information, see 
Figure A.7. Products generated could be visualised by a click on the item, which will 
tum up in a separate web-browser window. An example of one of the products is shown 
in Figure A.8. 
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The feedback window has an optional button for sending the results to a web page for 
FOA accessible only for those authorised ("Send to FOA" button in Figure A.7). 

Besides the various model options shown in Figure A.3, there is also an option for 
viewing results already produced. Figure A.9 shows the selection panel for viewing 
model results. It is then possible to in the first place select among model types (Reactor, 
Trajectory and Bomb), and secondly various product for each simulation run. 

Finally, Figure A.10 shows the web page accessible from outside SMHI aimed for 
ÖCB, FOA and others that are authorised. Besides the simulation runs from MATCH, 
actual weather data such as satellite images and radar images, and numerical weather 
forecasts, are available. 

~Make Bomb Explosion Product 1!!10013 
b,ist 

011111 Product- - ---------- ----------------

- Meteoroloyical lnput--· Emission Data for Source nr 111-- --- ---- -

Model area j NorthEurope • I 
Weather data: j HIRLAM44 • I 
Simulation length(h) 136 I 

Explosion Point: j UserDefined • I 

Scenario: j 1 OKiloton • I 
Emission Data Set(s)- - ------------, 

~dd Bemove 
~art (YYYYMMDDHH): J2000011106 I 

:-:-: ~etCurrent 

0 Make product text in swedish Output Frequency: j every6hour • I 

flose !:felp I 

fwarning: Applet Windo 

Figure A.4. Main inteiface to the bomb version of the MATCH mode!. The panel 
provides options for model area, weather data, source location , explosion yield, and 
time of the release. It is possible to enter a number of release points. The "List" option 
indicates possibility to list available meteorological data (see Figure A.5). 
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• Longitude: j_1 _9._2 _ ___ _______ ___, 

• Latitude and Longitud., itt ce,-,Udegree,; 
61, 5 corre,;pond,; to 61 degn,e,; and 30 minutes 

Save 11 Cancel I ! Reset 11 Help 

Figure A.S. Optional pop-up panels for listing oj available weather data (lejt) and fo r 
user defined source location (right). The shown listing refers to HIRLAM data with 44 
km resolution (FC44). The user defined source location is determined by the latitude 
and longitude oj the explosion. The vertical position is predefined for each explosion 
yield. 

~Progress ol Bomb Product 20000111-1625-38.31 l!!llilE'i 
File 

Estimated time left 0:3:6. (Running for 0: 1:2) 
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Figure A.6. Running time information for the MATCH mode!. 
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Figure A. 7. Product generation information and progress 
feedback for the MATCH mode!. 
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Figure A.8. An example of mode[ results from MATCH anda nuclear weapon event. 
The figure shows arrival and latest time of radioactive deposition. 
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Figure A.9 Selection panel for viewing mode[ results already produced. 
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Figure A.10. Real time presentation ofweather information and transport mode! results 
an an Internet page with restricted access only for decision makers. 
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